Mapping of road traffic noise in urban areas according to standardized engineering calculation methods systematically results in an underestimation of noise levels at areas shielded from direct exposure to noise, such as inner yards. In most engineering methods, road traffic lanes are represented by point sources and noise levels are computed utilizing pointto-point propagation paths. For a better prediction of noise levels in shielded urban areas, an extension of engineering methods by an attenuation term A can has been proposed, including multiple reflections of the urban environment both in the source and in the receiver area. The present work has two main contributions for the ease of computing A can . Firstly, it is shown by numerical calculations that A can may be divided into independent source and receiver environment terms, A s and A r . Based on an equivalent free field analogy, the distance dependence of these terms may moreover be expressed analytically. Secondly, an analytical expression is proposed to compute A s and A r for 3D configurations from using 2D configurations only. The expression includes dependence of the street width-to-height ratio, the difference in building heights and the percentage of façade openings in the horizontal plane. For the expression to be valid, the source should be separated from the receiver environment by at least four times the street width.
Introduction
According to the European Noise Directive (END) 2002/49/EC, European cities have to produce road traffic noise maps for major roads, railways and airports and exposure distributions based on noise levels at the façades of dwellings [1] . In addition, the END indicates that cities should quantify how many persons have access to a quiet façade, and that quiet urban areas should be protected. Current engineering methods for computing these noise maps work well for the areas directly exposed to noise, but have been shown to underestimate the levels at areas shielded from direct exposure -such as quiet façades and quiet urban areas -due to including a limited number of reflections [2, 3] . As a result, noise mapping might lead to a too optimistic picture of the urban noise situation. Therefore, an acoustic calculation model for road traffic noise that is more suitable to predict noise levels for quiet façades has been proposed [4] . At the same time, this method should be suitable for engineering use. The proposed method therefore extends existing engineering formulae for receiver positions shielded form direct exposure. For every contributing source the suggested procedure for calculating the noise level at a shielded receiver location x r per octave band reads:
L pb ( x r ) = 10 log 10 10 0.1L pdb + 10 0.1Lp,scatter ,
A diffr = −10 log 10 10 −0.1A bar + 10 −0.1A can ,
where,
• L pb = the "background" noise level excluding the diffractions and reflections around the vertical edges and excluding the diffraction over conventional noise barriers [dB] .
• L pdb = the contribution to the "background" noise level in still homogeneous atmo-
• L W = the sound power level per octave band of a point source representing part of the road [dB].
• A diffr = the total shielding attenuation by diffraction over the building roof [dB] .
• A free = 3D free field divergence [dB].
• A bar = the attenuation by the building(s) cutting the direct path between source and receiver limited by diffraction over the building roof, including the effect of the ground.
Only the direct diffraction path without reflections in the source and receiver environments is considered [dB] .
• A can = the attenuation of the sound following a path between source and receiver representing multiple reflections in the source and receiver environment [dB].
• A s = the attenuation of the sound following a path between source and receiver representing multiple reflections in the source environment [dB] .
• A r = the attenuation of the sound following a path between source and receiver representing multiple reflections in the receiver environment [dB] .
• A inter = additional attenuation caused by the diffraction at intermediate canyons [dB] .
• L p,scatter = the contribution to the background noise level caused by scattering from atmospheric turbulence [5] [dB].
• x s = (x s , y s , z s ) = source coordinates [m].
x r = (x r , y r , z r ) = receiver coordinates [m].
x s,⊥ = (x s , y s ) = source coordinates in the horizontal plane [m] .
x r,⊥ = (x r , y r ) = receiver coordinates in the horizontal plane [m] .
x unc = distance of uncoupling [m] .
In this paper, all terms related to 2D configurations are denoted by subscript 2D, e.g. A can,2D . [4] , including various coefficients. For deriving these coefficients in A can from a range of urban configurations, detailed point-to-point calculations using a wave-based sound propagation method have been proposed [4] . However, two problems arise using A can , which are addressed in this paper. Firstly, it is favourable in point-to-point calculations to use the uncoupled terms A s and A r instead of A can . Then, A s and A r can be assigned to source and receiver positions independently, and can be used for multiple source-receiver path calculations.
Atmospheric absorption is not explicitly included in this model but is implicit in the
For this, the distance of uncoupling x unc needs to be found. Furthermore, it is preferable to express the distance dependence of the terms A s and A r analytically. The second problem relates to the used assumptions for computing A can in [4] , being that the sound propagation in 3D can be calculated by a 2D cross-section configurations. Whereas 2D configuration calculations have been made for the sake of efficiency, a relation between the 2D and full 3D expressions for A can , and thus the independent terms A s and A r , should be available, preferably in an analytical form.
The second purpose of this paper is therefore to find an analytical expression between A s and A s,2D (the latter being the 2D result of A s ) and A r and A r,2D , for various urban configurations.
The aimed expressions will be found through numerical computations for 2D and 3D urban configurations by using the pseudospectral time-domain method (PSTD) [6, 7] . The paper is organized as follows. In Section 2, the studied urban configurations are presented. Also, the numerical modelling approach as taken in this work is mentioned in this Section. Section 3 is devoted to examine the distance dependence of A s and A r , as well as the conditions for equation (4) to hold. The analysis is made for both 2D as well as 3D configurations. The analytical expression of the 3D coefficients A s and A r as a function of their 2D counterparts is proposed in Section 4. For that purpose, 3D calculations for various typical urban configurations have been carried out. Conclusions are drawn in Section 5. The paper includes an Appendix on the accuracy of the adopted numerical approach.
2 Configurations of study and modelling approach 
with A diffr,2D = 20 log 10
, with p free,2D the sound pressure computed in free field at distance R free = Q + W , with Q the separation distance between streets and W the street width (see Figure 1a) . Further p diffr,2D is the sound pressure computed for the 2D configuration diffr of 
In current engineering methods, A bar is computed by an approximate diffraction method, see e.g. reference [8] . To comply with engineering methods, the configurations of Figure 1 (b) have therefore been computed by the same diffraction method. In this work, the 3D model to compute diffraction around a wedge, based on the Hadden and Pierce model for a single wedge [9] , has been used for this purpose [10] . For the solution of the configurations in 2D, the equivalence of the diffracted sound pressure level relative to the free field level between a coherent line source and a point source, as proposed in reference [11] , is used here to derive 2D solutions from 3D
solutions. We note that by the used model for the barrier configurations of Figure 1 (b), façades are treated as flat and rigid. A full-wave numerical method is used to compute sound pressure levels for the configurations of Figure 1(a) , i.e. the PSTD method [6] . Within this method, reflection-free boundaries have been modelled by including a perfectly matched layer (PML).
For some of the calculations, a hybrid computational approach is adopted for efficiency reasons.
This approach divides the computational domain in a part where a numerical solution is needed and a part where an analytical solution of the wave equation is available. The accuracy of this hybrid approach is discussed in the Appendix.
Full 3D configurations of (interrupted) street canyons and courtyards are considered to relate the source and receiver environment effects to results from a 2D configuration approach. Also, the independence of the source and receiver terms is verified, i.e. A can,2D = A s,2D +A r,2D
and A can = A s + A r . In particular, the distance of uncoupling for which these relations are valid is searched for.
Two-dimensional results

Distance dependence of A s,2D and A r,2D
To express the distance dependence in A s,2D analytically, we project A s,2D onto an equivalent free field situation, i.e. a source-receiver configuration in free field, see Figure 1 (c). This approach assumes a distance independent part, A ′ s,2D , and a distance dependent part. We write for A ′ s,2D and similarly A ′ r,2D :
A r,2D ( x r ) = A ′ r,2D + 10 log 10
with
and A ′ r,2D are considered to be distance independent, they might depend on the location of the source and receiver in the street, which is discussed in [4] . Optimal values of the equivalent source position x es,2D have been found by the minimizing the error ǫ, which reads for x es,2D :
with A s,2D the broadband level, computed from using equation (6) and using the spectral distribution of L w , x r,n = (nQ + W )/2 and N=19. When ǫ(x es,2D ) = 0, x es,2D is found for which the distance dependence of A s,2D is purely analytical. It may be expected that x es,2D depends on W/H, the width-to-height ratio of the street canyon, as well as on the height of the left building relative to the right building. Results for x es,2D are plotted in Figure 3 x es,2D = W 2 1 − 3 4
where the coordinate origin of Figure 1 For A r,2D , a similar equivalent free field approach as for A s,2D has been adopted, i.e. with a single equivalent receiver position x er,2D that replaces all receiver positions, see Figure 1(c) config. r. The source positions are equal to x = 0 and A r,2D is written in equation (8), with x er,2D from equation (10) . In summary, the proposed equivalent free field representations expressed in equations (7) and (8) for the correction terms A s,2D and A r,2D yield analytical distance dependency for Q/W ≥ 2.
Additivity of A s,2D and A r,2D
As for A ′ s,2D and A ′ r,2D of Section 3.1.1, A ′ can,2D may be expressed by an equivalent free field analogy, with equivalent source and receiver, see Figure 1 (c). For A can,2D , we write:
with x es,can,2D = x es,2D , x er,can,2D = (Q + W ) − x es,2D and x r,can = 2x r = Q + W . To verify the additivity of A s,2D and A r,2D , the broadband difference A ′ s,2D + A ′ r,2D + 6 − A ′ can,2D is computed from equations (7), (8) , and (11) and is plotted in Figure 6 (a) as a function of Q. We have added 6 dB(A) due to a double count of the reflection at the roof level in A ′ s,2D + A ′ r,2D . The results have arithmetically been averaged over all receiver positions. The results exceed 0.5 dB(A) even for large values of Q. The reason is linked to the difference in the lower frequencies, see Figures 6(b) . This difference can be attributed to the discrepancy between results from the Hadden and Pierce model and PSTD model for these frequencies: from an analysis for the A diffr,2D term, these differences were not encountered as A ′ diffr,s,2D + A ′ diffr,r,2D + 6 − A ′ diffr,2D < 0.5 dB(A) for all Q/W ≥ 2, see Figure 6 (b). Assuming that A ′ can,2D = A ′ s,2D + A ′ r,2D + 6, A can,2D can be computed from A s,2D + A r,2D and analytical distance dependent terms as:
A can,2D ( x r,can ) = A s,2D ( x r ) + A r,2D ( x r ) + 10 log 10
x er,can,2D − x es,can,2D x r,can + 6
for Q ≥ 2W. In summary, for the 2D configurations, Q ≥ 2W seems to be a good choice for x unc of equation (4).
Three-dimensional results
Distance dependence of
A similar analysis as for the 2D configurations is undertaken for the 3D configuration of an uninterrupted street, i.e. the configurations of Figure 1 where streets have an infinite length as depicted in Figures 2(a,b) . We here limit the study to y s = y r = 0. For A s and A r , we write:
A r ( x r ) = A ′ r + 20 log 10
x er x r .
Similar to the 2D configurations, the optimal values of the equivalent source positions are computed and are shown in Figure 7 . As concerns the W/H-dependence and the dependence on H left , the similarity between the 2D results of Figure 3 is obvious. The location of the equivalent sources is however different from the locations in 2D, with smaller values of x es compared to its 2D counterparts. A relation for x es and x er is derived from the numerical results of Figure   7 :
and is shown by the dashed lines in Figure 7 . The attenuation terms ∆A s and ∆A ′ s are plotted in Figure 8(a) , and ∆A ′ s is plotted as a function of frequency and distance Q in Figure 8 (b). For the receiver environment, the values of ∆A r and ∆A ′ r are plotted in Figure 9 (a). The importance of splitting the attenuation terms A s and A r into a distance dependent and distance independent term is highlighted by the Figures: whereas A s and A r slowly converge with distance, the terms A ′ s and A ′ r show to be distance independent for Q/W ≥ 4 within the 0.5 dB(A) error. Figure  9 (b) shows ∆A ′ r (4Q), showing that in contrast to the 2D configuration however, a higher receiver position dependence of ∆A ′ r is noticeable. The proposed free field representation expressed in equation (13) and (14) thus return an expressions for the correction terms A s and A r , which have an analytical dependence on the distance for Q/W ≥ 4.
Additivity of A s and A r
To verify the additivity of A s and A r in the 3D configuration of uninterrupted streets, an analogue analysis as for the 2D configuration has been carried out. In Figure 10 A can ( x r,can ) = (A s ( x r ) + A r ( x r )) + 20 log 10 x er,can − x es,can x r + 6
for Q ≥ 2W.
2D versus 3D approach
In Section 3, we have found distance dependence expressions for A s,2D , A r,2D , A s and A r and the conditions for which they are valid. Also, the expressions for A can,2D as well A can based on the separate source and receiver environment terms have been derived. The objective of this section is to find expressions for the 3D attenuation terms as a function of their 2D counterpart.
The analysis is based on three types of configurations: 1) an uninterrupted street of infinite length of Figures 2(a,b), 2) a finite-length street interrupted by a cross street, see Figures 2(c,d), and 3) a courtyard, see Figures 2(e,f). As road traffic is represented by point sources along
the street, the effect of a horizontal directionality of attenuation terms A s and A r is low when including contributions from all sources in the street. The here adopted approach is therefore to use attenuation terms that are angular averaged values in the horizontal plane, further denoted bȳ A s andĀ r . In this section, we thus search for the relationsĀ s =Ā s (A s,2D ) andĀ r =Ā r (A r,2D ).
Uninterrupted Street
For the uninterrupted street of Figures 2(a,b) , we first examine the equivalence between 2D and 3D results where y s = y r = 0. We exploit the hypothesis that the 2D and 3D expressions only deviate through distance dependence, and that the distance independent coefficients are
. To verify this hypothesis, Figure  11 shows results of the broadband differences between 2D and 3D terms, averaged over the receiver positions. All results are consistent in showing clear deviations and a slow convergence with distance for the unprimed numbers, and deviations smaller than 0.5 dB(A) for the primed numbers for all distances above Q/W ≥ 3, which supports the used equalities A ′ r = A ′ r,2D , A ′ s = A ′ s,2D and A ′ can = A ′ can,2D for Q/W ≥ 3. To verify whetherĀ ′ s = A ′ s,2D holds for the uninterrupted street, the configurations with y r = 0, y s = 0 are now investigated. Figure 12 shows the broadband attenuation terms A ′ s,2D and A ′ s (θ) results for Q=19W as a function of the angle θ, with equivalent sources according to equations (10) 
Interrupted street
Streets have a finite length and most streets are interrupted by cross streets or openings. As for the uninterrupted street case, we use the relationĀ ′ s = B s A ′ s,2D , where B s is expected to deviate from 1. The studied configuration of interrupted streets is shown in Figures 2(c,d) . We aim to derive an expression for B s for these cases. Three locations of the cross street with respect to the main street, denoted by U, and two cross street widths, denoted by C, are investigated.
The broadband results A ′ s (up to the 1 kHz 1/3 octave band) are plotted as a function of the angle in Figure 13 , along with the results for the barrier attenuation term A ′ bar,s , and results for the uninterrupted infinitely long street of Section4.1, A ′ s,2D and A ′ s . Equations (10) 
is derived from numerical data, with C 1 = 1.26, C 2 = 0.6. Utilizing this expression for S, we find for the coefficient B s :
(1 − S) + S,
The sought relationsĀ s =Ā s (A s,2D ) andĀ r =Ā r (A r,2D ) can now be written as:
A r ( x r ) = B r A ′ r,2D + 20 log 10
Courtyard
The value of B r is finally verified for a typical configuration of the receiver environment: a The angular averaged valuesĀ ′ r are 8.0 dB(A) and 7.1 dB(A) for courtyard configurations with T = W/2 and T = 3W/2 respectively. These values are closer to the 2D results of A ′ r,2D than to B r A ′ r,2D , implying that the courtyard situations lead to a stronger attenuation termĀ ′ r than the infinitely long street case. Clearly, with increasing T theĀ ′ r = 0.64A ′ r,2D would apply here too.
Conclusions
A recently proposed improved engineering method for urban areas shielded from direct exposure to traffic noise includes A can , a term that accounts for multiple reflections of the built environment in the source and receiver area. The proposed term relies on point-to-point calculations using a wave-based acoustic propagation method for 2D urban canyon geometries, and may be split in a term accounting for reflections in the source environment A s , and a term accounting for reflections in the receiver environment, A r . In this work, an expression is derived to compute the full 3D A can term from the 2D results, further relying on analytical terms only. For this purpose, 2D and 3D calculations with a wave-based calculation model have been carried out for various urban configurations. First, expressions have been derived to compute the 2D and 3D attenuation terms of the source and receiver environment -A s,2D , A r,2D , A s and A r -into a distance independent term and a analytical term for the distance dependence. These expressions rely on equivalent free field analogies. The expressions were shown to be valid for source-to-receiver environment distances exceeding twice the street canyon width (Q=2W) in 2D, and exceeding 4 times the street canyon width in 3D. Furthermore, it indeed was shown to be possible to compute A can and A can,2D from these separate source and receiver environment terms, when correcting for the distance dependence using analytical expressions. To express the 3D attenuation term by the 2D terms, we have proposed a 3D term that represent an averaged value over the horizontal angles. The final expressions, i.e. equations (18) and (19), enable to compute the 3D attenuation term for multiple reflections, from the 2D attenuation term, including analytical terms for distance dependence. For application to a wider range of configurations, the difference between the width-to-height ratio of the streets and height of the left building are incorporated in the equation, as well as the angular fraction of street openings. The model can also be used for closed courtyards. It is important to emphasize that the presented expression in equations (18) and (19) are valid for the configuration as used in this paper. Also, the results of this work rely on values averaged of the receiver positions, and does not reflect the local differences between receiver positions. The latter is in incorporated in the distance independent coefficients, which is subject of another paper.
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A Accuracy of the Kirchhoff-Helmholtz integral approach
Far field sound propagation for calculation of the configurations diffr,s and diffr,r of Figure 1 are in this work computed using the Kirchhoff-Helmholtz (KH) integral technique as depicted in Figure 16 for the configuration diffr,s. The PSTD method is used to solve the wave equation
in the left part of Figure 16 (b), and pressure and normal velocity components are stored at the vertical line at x = W/2 + 2 m. Then, the solution in the latter part is computed by applying the Kirchhoff-Helmholtz (KH) integral method to the vertical line at x = W/2 + 2 m, as depicted in Fig. 16(b) . The KH method is described e.g. by Pierce [12] . This integral method relies on Green's functions, which are known at the right side of the vertical line at 
with G(x KH , z|0, 0) the 2D Green's function from the source to the KH-plane and z 0 = 0.7z KH .
We The value of z KH =30 m has been used for all calculations in this paper. 
